We are developing a GaAs photoconductive detector for far-infrared (FIR) astronomy. A detector based on GaAs in the blocked impurity band (BIB) configuration is expected to extend the long wavelegth limit of currently available stressed Ge:Ga photoconductors up to about 330 microns. Without the need of uniaxial stress applied to the crystal, this would furthermore allow the fabrication of single chip arrays with a large number of pixels. We are reporting results of the characterization of preliminary GaAs BIB test structures. The experimental work is supported by numerical modeling that includes all contact and space charge effects.
INTRODUCTION
Current and near future space-and airborne FIR astronomy missions use stressed Ge:Ga photoconductor arrays for FIR detection with a long wavelength limit of 210 µm (Spitzer, Herschel). Mechanical complexity and cost put limitations on this technology in which mechanical stress close to the breaking limit has to be applied on each pixel. However, there is a great demand by upcoming NASA, ESA and JAXA FIR astronomy missions (e.g. SOFIA, SAFIR, Astro-F, SPICA) for large size detector arrays as well as for an extension of the long wavelength cut-off. It is clear that current Ge:Ga technology cannot meet these requirements. Gallium arsenide has potential to replace stressed Germanium photoconductors because of its smaller donor binding energies.
GALLIUM ARSENIDE BLOCKED IMPURITY BAND DETECTORS
The far infrared photoconductivity of GaAs has been studied since the sixties (e.g. Bosomworth et al. 1 ). Especially n-type gallium arsenide is of interest because the excitation energies of the shallow donors (S, Si, Se, Te) are all around 6 meV compared to the 11.3 meV binding energy of gallium in germanium. Absorption measurements done by our group 2 on differently doped GaAs samples show that ground state to bound excited state transitions merge at higher doping to a broad absorption band with extended wavelength detection to at least 330 µm. However, a photoconductor made from bulk GaAs may not be doped to this level because significant hopping conduction would occur, which leads to a dramatic increase of dark current in the detector. A lower doping level, on the other hand, results in a smaller photon linear absorption coefficient α and less extended long wavelength response. A way out of this dilemma is the blocked-impurity-band (BIB) configuration: a combination of a more highly doped photoconductive layer with a blocking layer of high purity material (Figure 1 ). This concept has been realized in Silicon BIB detectors by Petroff and Stapelbroeck at Rockwell International Science Center.
3 Photoconductors made from bulk silicon have been almost completely replaced within the last decade by epitaxial BIB detector arrays and wavelength coverage has been achieved out to 40 µm. 4 The high purity layer blocks the dark current associated with hopping and impurity band conduction in the doped layer. This allows the absorbing layer to be more heavily doped compared to a standard bulk photoconductor. An increased dopant concentration leads to a greater linear optical absorption coefficient α of the device and allows the absorbing layer to be much thinner than in a bulk photoconductor. This makes the device less susceptible to high energy cosmic rays, a very important advantage for space applications. Furthermore, the formation of an impurity band due to the higher doping broadens the absorption transistion lines and therefore extends the response to even longer wavelengths. Despite the success with silicon for shorter wavelenghths, the BIB detector concept has not been successfully realized with GaAs so far. The main problem has been the purity of the avaliable material. From numerical modeling results as shown in our previous article 5 we found that for optimal GaAs BIB operation, unintentional doping of the blocking layer must be as low as 10 13 cm −3 . Furthermore, the minority carrier concentration of the doped absorbing layer must be even smaller, by at least an order of magnitude.
As stated before, in the doped absorbing layer of the BIB detector, hopping conduction occurs within the impurity band. An applied bias will lead to the formation of a region that is depleted of ionized majority dopants. Electrons excited by photons in this depletion region can travel directly to the contacts without recombination at an ionized donor. This means fewer losses than in a conventional bulk photoconductor. On the other hand, only the depletion region has field to drive the carriers to the contacts. Therefore the width of this region is extremely important. The width w of the depletion region in the absorbing layer of an n-type BIB device, assuming space charge neutrality in the blocking layer, can be approximated by
Here is the relative dielectric constant, V a is the applied bias, V bi is the built in bias, e is the electron charge, N A is the compensating impurity concentration, and b is the blocking layer thickness. As can be seen w depends on the applied bias voltage and on the the minority acceptor concentration N A within the absorbing layer. Therefore, the minimization of N A is of greatest importance for an effective BIB device. 
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MODELING OF GALLIUM ARSENIDE BIB STRUCTURES
To investigate the problem of the depletion width in greater detail we have recently performed more GaAs BIB simulations, focusing on the effect of compensation in the active layer, including modeling at higher bias. The modeling was performed to determine the actual predicted depletion widths in cases where the compensation is relatively high 0.001 and 0.01. Although we know that a minimum minority doping level is desired for maximum depletion layer thickness at a given bias voltage, the modeling allows us to include effects of space charge in the blocking layer and at the blocking layer/active layer interface. Simulations were performed for the following conditions: Active layer majority doping at 5 × 10 15 cm −3 , blocking layer majority doping at 5 × 10 13 cm −3 , and blocking layer minority doping at 5 × 10 12 cm −3 . The active layer thickness was 40 µm, with a blocking layer thickness of 10 µm. The minority doping in the active layer was the primary variable. Figure 2 shows the effect of bias variation on the electric field profile for a GaAs BIB with a compensation in the active layer of 0.001 (0.1 %). Results are shown over both the full scale of the device and with an expanded scale to clearly illustrate the extent of the depletion region in standard bias. Figure 3 shows simulations for 0.1% and 1% compensation at a bias of 500 mV. One sees that, although the higher bias does extend the depletion region, there is also a significantly higher field at the interface and in the blocking layer, especially for high compensation material. Only experimental results will tell us what the actual breakdown points will be, since there is no mechanism for impact ionization in the model. But these results suggest that high compensation in the active layer cannot be simply overcome by increasing the applied voltage. 
GROWTH AND DOPING OF HIGH QUALITY GALLIUM ARSENIDE
From what was stated so far, it is clear that the ability to grow very pure GaAs material is a key requirement for a working GaAs BIB device. As described earlier, 5 we use two liquid phase epitaxy (LPE) systems in our group to produce epilayers of thicknesses up to 100 µm: a simple tipping boat system to grow and study smaller GaAs film samples and a larger, more complex centrifugal system for multilayer growth and growth on larger wafer sizes. 6 In both systems we have reproducibly grown high purity GaAs layers with the required impurity concentrations for the blocking layer. These layers were grown on semi-insulating substrates to allow detailed characterization by Hall effect measurements.
By far-infrared absorption spectroscopy studies 2 on tellurium doped GaAs layers which we had grown, we had determined an absorbing layer doped around 5 × 10 15 cm −3 to be a good candidate for a GaAs BIB detector. A detailed evaluation can be found in the recent publication by Cardozo et al. 7 The values for the linear absorption coefficient α reached several hundreds of cm −1 for doping in the 10 15 cm −3 range, far greater than the values that could be achieved by a standard GaAs or Ge photoconductor. However, by comparing Hall mobility measurements to the theoretical values by Walukiewicz et al., 8 we derive that all of our doped samples so far have an unexpected high minority carrier concentration resulting in compensation ratios above 10%. This problem, combined with the fact that the doping of these films could not be controlled with sufficient precision by LPE, let us search for an alternative way to form the active layer of the BIB device. We purchased a commercially grown 5 × 10 15 cm −3 sulfur doped vapour phase epitaxial (VPE) layer on a conducting 3 inch substrate from Sumitomo Corp. The conducting substrate is neccessary to be able to contact the back side of the active layer. As a consequence, Hall effect measurements are not possible and a value for the compensation ratio can not be given. However, photoluminessence (PL) studies on this VPE layer showed a reduced acceptor background level compared to the doped LPE layers.
FIRST TESTS OF GALLIUM ARSENIDE BIB STRUCTURES
First BIB test structures were fabricated by LPE growth of a high purity blocking layer onto the commercial doped VPE layer (see figure 4) . The blocking layer was polished to a thickness of about 10 microns. Next, a transperent blocking layer top contact was formed by ion-implantation of sulfur. The doping and thickness of this contact was limited to ensure sufficient transperancy for FIR photons. Annealing at 800
• C was performed for 10 sec. to activate the sulfur and to cure crystalline defects. Ohmic contacts were formed by depositing Ni/Ge/Au on the substrate back side and on a small area of the blocking layer contact. In order to characterize the BIB device samples at cryogenic temperatures, a Helium-4 cryostat and a Helium-3 refrigerator was used and I-V curves were taken at different temperatures. A transimpedance amplifier with a cold low noise JFET stage and 10
9 Ω feedback resistor inside the cryostat was used for readout. Figure 5 shows typical I-V curves of these samples. At 4.2 K the electrons within the doped layer are not completely frozen out yet, but at 1.3 K the dark current has droped significantly. The devices show the expected blocking behaviour in a certain bias voltage range. At higher fields, the blocking layer breaks down and a sharp increase in the current is observed.
In order to determine the spectral response, samples were mounted in a dewar with optical access and photoconductivity spectra were taken using a Fourier transform spectrometer. A 200 µm black polyethylene filter was used to eliminate band gap light. The black curve in figure 6 shows a typical example of the measured photoconductivity spectrum. We found relatively weak FIR response with a narrow peak at 278 µm. This peak fits the 1s-2p transition of the shallow donors in GaAs and is not expected to be seen in GaAs doped at the 5 × 10 15 cm −3 level. The similarity to the photoconductivity spectrum of a high purity sample, shown in grey in figure 6 , the absence of extended response beyond 300 microns and the weak overall response lead us to the conclusion that the doped active region does not contribute to the photocurrent. A possible explanation is a very small depletion region due to a high compensation ratio in the active layer. Further investigations lead us to another possible source of the problem. We found inhomogenieties in the residual doping of the high purity blocking layer which resulted in switching to p-type, especially at the beginning of the growth, similar to what has been reported earlier.
9 By photo thermal ionization spectroscopy (PTIS) of these p-type regions we identified carbon as the residual acceptor causing this problem. The sharp peaks shown in figure 7, match exactly with the excited state transitions of carbon in GaAs as reported in the literature.
10 It is therefore likely that carbon contamination also causes the compensation in our doped LPE layers. However, as carbon segregates at the higher temperatures at the beginning of the growth, the blocking layers usually turn entirely n-type during growth. We are planning a two step growth in which the solution is transported to a second substrate after the carbon has been segregated onto the first substrate. The centrifugal LPE system allows this technique by using crucibles with multible chambers and differently sloped channels in between them. 
BIB STRUCTURES WITH ION IMPLANTED ACTIVE REGIONS
To overcome the problem of residual acceptors in the active region and inhomogenieties in the interface between the epitaxial grown active layer and the blocking layer, we are currently investigating a different approach to produce a BIB device structure. Instead of doping the active region during growth, a well characterized high purity layer grown on semi-insulating substrate can be partially doped by ion implantation through a photolithographic mask. Figure 8 shows a sketch of a such a lateral GaAs BIB structure. The active region is defined by ion implanting shallow donors such as sulfur to a concentration of 5 × 10 15 cm −3 . Lithography allows to repeat this pattern easily in order to form series of depletion regions for higher efficiency and two dimensional detector arrays. Small arrays of these structures are under construction at the moment and first results are expected soon. 
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CONCLUSION
After we had shown that it is possible to grow GaAs films of sufficient purity for the blocking layer of a GaAs BIB device, we used a commercially VPE grown layer doped with 5 × 10 15 cm −3 sulfur as the absorbing layer and formed a preliminary GaAs BIB device by LPE. This test structure showed the expected current blocking behavior and low dark current at 1.3 K. However, the expected sensitivity and extended wavelength response was not achieved. We believe that a too high concentration of acceptors in the active layer and at the interface in the blocking layer is causing this problem. Numerical modeling of BIB devices support the importance and challenge of a low residual acceptor concentration. Carbon has been identified as the dominant acceptor and new techniques are under development to work around this problem.
